In natural environments fish populations are exposed to many potential xenoestrogens, whereby understanding the impacts of mixtures continue to be of great interest. The main objective of this study was, therefore, to understand whether and how an environmentally relevant mixture of xenoestrogens found in the Douro River estuary can disrupt the normal gametogenesis in fish. For this purpose, adult zebrafish of both sexes were exposed for 21 days to an environmental mixture (MIX) of 11 xenoestrogens from diverse sources. A 100 ng/L ethinylestradiol (EE2) positive control was added. A quantitative (stereological) analysis with systematic sampling was made in the gonads, and using light microscopy both the relative and the absolute volumes of the gametogenic stages were estimated. Data point that the EE2 stimulus induced changes in structural compartments; with decreasing trends for the advanced maturation stages both in males and females. There was also a trend for a greater amount of interstitial tissue in males. Along with an interstitial fibrosis increase detected, the presence of a proteinaceous fluid was observed in both sexes and experimental groups (EE2 and MIX). Other histopathologic alterations were observed in the EE2 female group, such as the presence of foci of granulomatous inflammation and follicular mineralization in the germinal parenchyma and luminal areas. The most interesting finding of this study was that the exposure to the MIX caused a decrease of the relative volume of spermatozoa in zebrafish. This kind of estrogenic effect has not earlier been structurally quantified in such a fine detail with unbiased stereology in fish gonads. Despite the ultimate consequences of such disruptions being unknown, it could be logically argued that reduction or slowing-down of the appearance of the most mature cohorts and/or eventual interstitial fibrosis and other pathologic changes can adversely affect breeding. The findings add further explanatory bases for understanding the negative impacts of xenoestrogens.
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Introduction
Over the past twenty years, considerable and growing attention has been given to the fact that chemical compounds can be biologically active by disrupting the normal functions of the endocrine systems of animals. Those substances, called endocrine disrupting chemicals (EDCs), are widespread throughout the aquatic ecosystems and their effects and modes of action have been documented (Depledge and Billinghurst, 1999; Porte et al., 2006; Segner et al., 2003) . Aquatic species are exposed to EDCs through a variety of sources, but wastewater is the main source of EDCs such as those that mimic the effects of natural estrogens (xenoestrogens) (Falconer et al., 2006; Kolpin et al., 2002; Metcalfe et al., 2001; Ying et al., 2002) .
Under laboratory conditions, xenoestrogens have been reported to cause a variety of effects in fish reproduction such as changes in plasma hormone concentrations (Khan and Thomas, 1998) , gonadal size (Ashfield et al., 1998; Gray and Metcalfe, 1997; Jobling et al., 1996) , development of intersex gonads (ovotestis) (Gray and Metcalfe, 1997) and induction of the female yolk precursor protein, vitellogenin (VTG) (Jobling et al., 1996) . Although there has been an increased effort to understand the mechanisms by which xenoestrogens exert final effects, fundamental doubts still remain, such as the impact on the kinetics of gametogenesis. Several studies suggest that exposure to xenoestrogens may cause suppression of gametogenesis in both male and female fish (Blázquez et al., 1998; Christiansen et al., 1998; Drèze et al., 2000; Gimeno et al., 1998; Papoulias et al., 2000; Piferrer and Donaldson, 1992; Tanaka and Grizzle, 2002; Van Den Belt et al., 2002; Weber et al., 2003) . All those histological investigations involved a tissue microscopic analysis, which resulted in visual qualitative descriptions and/or semi-quantitative data or in quantifications by two-dimensional measurements, which are to be avoided as they are well-known now to suffer from uncontrolled biases (Howard and Reed, 2005) . The application of stereology to such issues, however, can result in unbiased quantitative data sets, and thus could be a far more adequate approach for investigating the impact of xenoestrogen exposure on gametogenesis kinetics. Most research on effects of xenoestrogens on fish, done under laboratory conditions, has focused primarily on exposure to single chemicals, despite the fact that the aquatic environment receives influxes of different chemicals. This wide range of xenoestrogens in the aquatic environment highlights the importance of improving our understanding of the combinatory effects of the chemicals, at least in model organisms. The existence of interactive effects implies that the estrogenic effect of a mixture may somehow deviate from what would be expected of each single agent acting on its own.
In view of the above, we wanted to study whether and how one environmentally relevant mixture of xenoestrogens as found in the Douro River could disrupt the normal cellular kinetics of both spermatogenesis and oogenesis in fish. As a positive control we exposed fish to 17␣-ethinylestradiol (EE2) at a high concentration (100 ng/L) to promote the appearance of more marked effects that could serve as reference. Another study with the same experimental design, and testing both the same MIX and EE2, disclosed changes in sex steroidogenesis at the molecular level and a different behavior of the MIX and EE2 on specific transcription factors in the zebrafish brain (Urbatzka et al., 2012) . Herein, we specifically tested the hypothesis that such exposures could evoke volume changes in different germ cells, detectable only with stereological tools. The zebrafish (Danio rerio, Hamilton) was chosen because it has been recommended for assessing effects of toxicants on development and reproduction (Andersen et al., 2000; Segner et al., 2003) .
Material and methods

Test compounds and their nominal and measured concentrations
Stock solutions of EE2 (Sigma-Aldrich) and the Douro's environmental mixture (MIX) were prepared in ethanol at the beginning of the exposure. The xenoestrogens that composed the mixture and their chosen nominal concentrations were based on what was found by chemical screening in the Douro River estuary and are shown on Table 1 . This also provides the measured concentrations in the aquaria (analytical details below). Measured concentrations were similar to the nominal ones, and variations were minimal. The estrogenic potency of the MIX was estimated to be 20.73 ng/L EE2-equivalents (Urbatzka et al., 2012) . As the focus herein was the MIX, the estrogenic potency of each chemical was not evaluated. Also, it is well known that they differ in potencies (Laws et al., 2000; Gutendorf and Westendorf, 2001; Preuss et al., 2006) .
During the trials, the stock solutions were diluted, daily, in water, and used for renewal of the test solutions in the aquaria. Ethanol (p.a. grade) was used as vehicle, and its final concentration Table 1 Xenoestrogens in the Douro's environmental mixture (MIX) used in the exposure assay. Measured concentration is a pooled value (±standard deviation) between times 0 h (just after water renewal) and 24 h (just before the next water renewal).
17.9 16.9 ± 1.5 4-n-Octylphenol (4-n-OP) 6.0 6.0 ± 0.0 Bisphenol A (BPA) 25.7 25.7 ± 0.0 4-Octylphenol monoethoxylate (OP1EO) 10.5 10,0 ± 0.7 4-Octylphenol diethoxylate (OP2EO) 16.0 16.0 ± 0.0 4-Nonylphenol monoethoxylate (NP1EO) 21.9 21.9 ± 0.0 4-Nonylphenol diethoxylate (NP2EO) 1608.0 1608.0 ± 0.0 4-n-Nonylphenol (4-n-NP) 3.5 3.1 ± 0.6 in the aquaria, in both treatment and controls, was ≈0.001%. This was the minimum amount necessary to dissolve the chemicals of the mixture. The nominal used concentration was 10 times lower than the maximum solvent concentration recommended by OECD (100 l/L). Additionally, the concentration used was half the conservative safe-guard limit of 20 l/L proposed by Hutchinson et al. (2006) , when reviewing acute and chronic effects of carrier solvents in aquatic animals. Water samples (1 L) were weekly collected after renewing the test solutions and just before the next renewal from each of the experimental aquaria (see below Section 2.3). These samples were then added with internal deuterated surrogates (E2-d 2 and BPAd 16 ) and submitted to solid phase extraction (SPE) (Rocha et al., 2010) . Briefly, the water samples were loaded onto SPE Oasis HLB TM (hydrophilic-lipophilic balance) cartridges at a constant flow rate of 5 mL/min followed by a washing step of 10 mL of ultrapure water and methanol (9:1). Cartridges were dried under vacuum for 60 min and then eluted with 10 mL of ethyl acetate, at 1 mL/min. The resulting extracts were evaporated to dryness in a heating block at 40 • C under a gentle stream of nitrogen and reconstituted in 500 L of anhydrous methanol. Due to the low volatility of the majority of the present compounds, 50 L of each extracted fraction were transferred into GC vials and evaporated to dryness under a gentle nitrogen stream. Fifty L of pyridine were added to the dry residues which were derivatized by the addition of 50 L of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) added with 1% trimethylchlorosilane (1% TMCS). The vials were mixed using a vortex system and heated, in a heating block, for 30 min at 65 • C. Then each sample was analyzed in a gas chromatograph (Trace GC ultra, Thermo Finnigan Electron Corporation) coupled with an ion trap mass spectrometer (Thermo Scientific ITQ TM 1100 GC-MS n ), an autosampler (Thermo Scientific TriPlus TM ) and a TR5MS capillary column (30 m × 0.25 mm i.d., 0.25 m film thickness). Helium carrier gas (99.999% purity) was maintained at a constant flow rate of 1.0 mL/min and the column oven temperatures were programmed according to Rocha et al. (2010) . Finally, the quantitative analysis was made in a selected ion monitoring mode (SIM) using external calibration. After renewing the test solutions the measured concentrations matched the nominal ones. Immediately before the next renewal the actual concentrations averaged 95% of the nominal ones, with no detectable variations in most compounds (Table 1) .
Experimental animals
Adult zebrafish were obtained from a local specialized dealer. Fish were received at the Interdisciplinary Centre for Marine and Environmental Research (Porto) bioterium and were kept for 4 weeks, separated by sex, in a 600 L tank with dechlorinated water.
There was not specific spawning subtract. After the above specified period, the animals were allowed to acclimate to experimental conditions for 15 days. For that purpose and also to induce interfish synchronization, homogeneous groups of zebrafish (16 males and 16 females -to provide a sex ratio of 1:1) were randomly distributed among 6 glass tanks (25 L each), at a temperature of 27 ± 1 • C. Fish were exposed to a 14-h light/10-h dark photoperiod. The water oxygen concentration was near air saturation level. Before the experiment, fish were fed ad libitum, twice a day, with dry flake food (Sera vipan ® ) and once with artemia nauplii (Artemia salina, Ocean Nutrition).
Experimental design
Fish were exposed to one of the following treatments (two replicates per condition): solvent control (C), 17␣-ethinylestradiol positive control (EE2) (nominal and measured concentrations of 100 ng/L) and Douro's environmental mixture (MIX). The exposure took place in the glass aquaria under semi-static conditions with one daily total renewal of the water, for restoration of the nominal concentrations. To minimize stress, water changes were gently made by slowly siphoning, temperature was always the same, and the animals were exposed to low water levels only for short periods (in the order of seconds). During the experiment, the fish were fed two times a day with the same flake dry food used during the acclimatization period. Measurements of pH, dissolved oxygen, temperature, ammonia and nitrite levels were carried out daily. After 21 days of exposure, each fish was deeply anesthetized by immersion in a bath of 2-phenoxyethanol solution (0.5 mL/L) (Sigma-Aldrich) and immediately sacrificed by cutting the spinal cord. For this study, 6 fish per sex and per treatment were analyzed (3 per replica). These fish were unbiasedly selected by a systematic sampling scheme. The remaining fish were sampled for other studies. It is important to point out that within the scope of this study, no differences were found between replicated tanks. After being weighed and measured (total length) the fish were dissected and their gonads were weighed. The gonadosomatic indices (GSI) were calculated as follows: GSI = (weight of the gonads in mg) (weight of the total body in mg) × 100.
Histological preparation
Gonads fixed in commercial 4% buffered formalin (J.T. Baker) were processed for histological examination by light microscopy. After fixation (48 h), the tissues were dehydrated through a series of graded ethanol (AGA) solutions (70-99.8%), cleared in xylene (BDH -Prolabo), and impregnated in paraffin (Merck) in a semi-enclosed benchtop tissue processor (Leica TP 1020). Finally, the tissues were embedded in paraffin in a modular tissue embedding center (Leica EG 1140C). Each gonad was entirely sectioned (Microtome -Leica RM 2155) into thin sections (4 m thick). The sections were systematically sampled during sectioning so that at least a minimum of 10 sections per animal were analyzed. For improving section adhesion, the sampled sections were mounted in slides coated with aminopropyltriethoxysilane (APES) (Sigma-Aldrich), and then stained with haematoxylin-eosin before being coversliped.
Histological and stereological analysis
For estimating the relative volume densities of the gonadal structures, a stereological approach was made using an interactive image analysis workstation (CAST-Grid, Olympus, Version 1.6), working with a live-image captured by a color CCD-video camera (Sony). The light microscope (BX50, Olympus) was equipped with a fully-motorized stage (Prior Scientific), thus allowing meander systematic sampling with an (x-y axis) accuracy of 1 m. The meander sampling was controlled by the software.
The volume densities (later expressed in the results as %) of the gonadal structures [V V (structure,gonad)] were estimated by an unbiased, stereological technique based on point-counting by the observer operating the CAST-Grid (Howard and Reed, 2005) :
where P(structure) and P(gonad) correspond to the total number of grid points in a section hitting the structure of interest or its reference space (gonad), respectively, and R is the inverse of the point-ratio used for each particular V V estimation. In males a 1:4 two lattice point-system grid was overlaid on the live videoimage displayed on a 17 monitor. For the testis and spermatozoa the 1:1 point ratio was used. The tighter 1:4 point ratio was used for all the other structural compartments. In females a 1:9 two lattice point system grid was used. The 1:9 point ratio was used for all the structures with the exception of mature oocyte stage. Pointcounting was made in systematically sampled fields working either with the 100× (males) or 10× (females) objective lens, giving the respective final working magnification of the live image in the monitor of 4050× and 399×, respectively. After pilot trials, the stepwise stage x-y movement was set according to the gonad size in order to count an optimal number of cells per section; the adopted steps varied from 200 to 300 m in males, and from 700 to 950 m in females.
Histological alterations in the testis were evaluated based on the presence of different stages of germ cells, of interstitial tissue and of Sertoli cells. Five testicular populations were identified as follows ( Fig. 1) : Spermatogonia (the largest of the spermatogenic cells; acidophilic cytoplasm with relatively larger nucleus containing poorly condensed chromatin and one or two compact nucleoli); Early and late spermatocytes (early spermatocytes are larger than late spermatocytes with thread-like or condensed chromatin, respectively, with relatively smaller cytoplasm with no affinity for dye); Spermatids (dense nuclei and narrow rims of eosinophilic cytoplasm) and Spermatozoa (dark, round nuclei and minimal or no apparent cytoplasm). The latter are the smallest spermatogenic cells and they exist as scattered individual cells within the lumen of the anastomosing seminiferous tubules. Five follicular stages of maturation were identified and counted from the ovaries (Fig. 2) : Oogonium (high ratio nucleus/cytoplasm; acidophilic nuclear membrane and nucleolus; cytoplasm weakly acidophilic); Primary growth stage (enlarged basophilic cytoplasm; pale nucleus with many nucleoli distributed along the nuclear membrane); Cortical alveolus stage (presence of the cortical alveoli in the cytoplasm, first in the peripheral zone and after in all cytoplasm; irregular nuclei shape with nucleoli attached to inner border of nuclear membrane); Vitellogenic stage (cytoplasm with yolk bodies which are heterogeneous in appearance; migration of the nucleus to the animal pole; zona radiata prominent and granulosa-theca cells easily identified); Mature stage (oocyte filled with yolk bodies; small area occupied by the cytoplasm; oocyte layers folded irregularly). Atretic (degenerated) follicles and interstitial tissue were also counted.
For estimating total volumes, we assumed in this study that the gonadal density was ≈1 mg/mm 3 both for testis and ovaries, so that the gonad volume [V(gonad)] (mm 3 ) was deemed herein as equal to the gonad weight (GW). The absolute volumes (mm 3 ) of all the gonadal structures considered above were thus estimated based on the formula:
Both testis and ovary sections were examined under light microscope to investigate the presence of pathological modifications in the gonads. The diagnosis of such changes was done in accordance with the OECD guidelines (OECD, 2009).
Statistics
Data were analyzed using the software Statistica (version 10, StatSoft). The significance level was set at ˛ = 0.05. All variables were checked for normality and homogeneity of variance by using the Kolmogorov-Smirnov and the Levene tests, respectively. Data were submitted to one-way analysis of variance (ANOVA). After a significant ANOVA, pairs of means were compared by the Newman-Keuls test. In the specific cases where the parametric ANOVA assumptions failed, data were submitted to Kruskal-Wallis test and to Mann-Whitney U non-parametric test. The nonparametric results were alike those of the parametric ANOVA analysis, strengthening the confidence in the significance of the differences.
Results
Biometric parameters
At the end of experiment the body weight of zebrafish males and females exposed to EE2 was significantly lower than that in the other two groups (Table 2) . No significant effects (p > 0.05) on total length were observed after 21 days of exposure to any treatment in either sex. The testis and ovary weight followed the same trend as body weight, as a lower value was found in fish exposed to EE2 with no differences between the control and the MIX group observed (Table 2) . A significant reduction (p < 0.05) in GSI was also observed in both zebrafish males and females of the positive control group when compared to the control one. Females exposed to the xenoestrogen mixture, however, presented the highest GSI (Table 2) .
Histological and stereological analysis
In accordance with the gonad weights, the absolute volumes of the gonads followed the same trend as the body weight: a decrease in the testis and ovary volumes was only observed in males and females exposed to EE2, respectively (Tables 3 and 4) . Histological examination of gonad sections from control and treatment groups revealed normal testicular and ovarian organizational architecture and progression of gametogenesis. Leydig cells could be identified within the stroma, although their positive identification was not consistent. The germ cell types selected for quantification were averaged and represented as a relative volume of the whole testis (Fig. 3) and ovary (Fig. 4) . The stereological study revealed a reduction in the absolute volumes of the germ cells in both male and female gonads of fish from the positive control group (Tables 3 and 4 ). The analysis of the relative volumes of testis cells revealed maturation suppression both with the EE2 and the mixture of xenoestrogens (Fig. 3) . The number of spermatozoa decreased with the two treatments, the lower values being observed in the positive control group. The number of spermatids decreased only in males exposed to EE2 (Fig. 3) . Both the relative and the absolute volumes of Sertoli cells were similar in all groups Table 2 Body weight (BW), total length (TL), gonad weight (GW) and gonadosomatic index (GSI) of zebrafish exposed to xenoestrogens for 21 days (solvent control -C; positive control -EE2 and Douro's environmental mixture -MIX). Values are presented as mean ± standard deviation (SD), n = 6/treatment group. Means within a row without a common superscript letter differ significantly (p < 0.05). Absence of superscript indicates no significant difference between treatments. Values are presented as mean ± standard deviation (SD), n = 6/treatment group. Means within a row without a common superscript letter differ significantly (p < 0.05). Absence of superscript indicates no significant difference between treatments.
( Table 3 and Fig. 3 ). Exposure to EE2 also caused suppression of ovarian maturation, inducing ovaries that were mainly composed of follicles at the earliest stages of development (primary growth) and with lower volumes of vitellogenic and of mature follicles (Fig. 4) . The xenoestrogen mixture had no statistically significant effect on female gametogenesis (Fig. 4) . The parameter termed "interstitial tissue" includes the connective tissue, blood vessels and all histologic alterations observed, such as the presence of fibrosis, inflammation tissue and proteinaceous fluid. As to the testis, Leydig cells were also included in that structural compartment. In males, the interstitial tissue absolute volume was higher in the EE2 group (Table 3) . The corresponding relative volume was higher both in males and in females exposed to EE2 (Figs. 3 and 4) . The interstitial fibrosis was the major contributor to this increase in both sexes. Besides fibrosis, the presence of interstitial proteinaceous fluid was the other pathological alteration observed in the testis of 50% of the males (Fig. 5 ) and in the ovary of all females (Fig. 6) exposed to EE2. A lowered amount of proteinaceous fluid was also observed in 50% of the females and Values are presented as mean ± standard deviation (SD), n = 6/treatment group. Means within a row without a common superscript letter differ significantly (p < 0.05). Absence of superscript indicates no significant difference between treatments.
50% of the males of the MIX experimental group. In the ovary of all females exposed to EE2, epithelioid macrophage granulomas were observed (Fig. 6) . In 3 of the 6 ovaries analyzed, presumptively mineralized structures were found near those granulomatous inflammation areas (Fig. 6 ). Those mineralized structures were commonly associated with atretic oocytes under resorption, and for this reason were included in that category (Fig. 4) . However, the absolute and relative volumes of the atretic follicles were lower in females exposed to EE2 when compared with control and MIX groups (Table 4 and Fig. 4) . No pathological alterations were found in gonads from the control group.
Discussion
Novelty of the study
To our knowledge, this is the first quantitative histological investigation to evaluate the effects of an environmentally relevant and complex mixture of xenoestrogens on the relative and absolute volumes of germ cells in fish gonads. Most studies on the effects of xenoestrogens on gonad histology have focused on single chemicals, regardless of the fact that ecosystems are impacted by low to high concentrations of different chemicals. This is the case of the Douro River estuary where Rocha et al. (2011) found a mixture of both natural and synthetic steroidal estrogens and non-steroidal synthetic estrogenic compounds. Under a sub-acute exposure, we evaluated detailed effects of a mixture of xenoestrogens, as observed in the cited study, in zebrafish gametogenesis. We applied a stereological approach never performed in previous studies that have tackled such effects.
Effects on spermatogenesis
Despite our histological examination showed on-going gametogenesis, once all germ cell types were present in gonads of both control and exposed animals, the fact is that significant disruptions were revealed. One major finding was that exposure to the xenoestrogen mixture caused disruption of gametogenesis in males only. Stereology revealed a decrease in relative volume of spermatozoa in fish exposed to the MIX and additionally to EE2, with the lowest value noticed in the latter group. The absolute volume of spermatozoa was, however, the same in the MIX and in the control group. These results highlight the importance of carrying out a complete (multi-level) stereological analysis in this type of studies, since the examination of the absolute volumes could not translate the fine gametogenesis dynamics. The analysis of the absolute volumes estimated for the testis also revealed that exposure to EE2 inhibited testicular growth. The reduction of the testicular volume of those fish was caused by a decrease of the total volume of all types of germ cells. The mechanism(s) behind the inhibition of testicular growth by estrogenic chemicals is(are) not yet clear. They could either act directly on the testis, inducing the local suppression of testicular androgen, or interfere at one or more levels in the hormonal cascade that regulate the maturation, ultimately inhibiting the spermatogenesis (Jobling et al., 1996) . Another possible explanation is an effect on the Sertoli cells. A direct (or indirect) effect of estrogenic compounds on Sertoli cells is plausible since it was found that these cells express estrogen receptors (Legler et al., 2000; Andreassen et al., 2003) . A severe effect on the cytology of Sertoli cells during spermatogenesis was found in eelpout (Zoarces viviparous) after Fig. 6 . Pathological alterations observed in zebrafish females treated with a 17-ethinylestradiol (EE2). The ovary is mainly composed by follicles in the early stages of development. In the interstitial tissue is possible to observe within fibrotic tissue the existence of a pink proteinaceous fluid (arrows), granulomatous inflammation areas (GI) and nearby these suggestively mineralized structures (asterisk). exogenous administration of E2 and 4-nonylphenol (Christiansen et al., 1998) . In the eel, Anguilla anguilla, EE2 inhibited the development or caused degeneration of Sertoli cells, thus indicating that estrogens may affect the somatic components of the gonad first and the germ cells later (Colombo and Grandi, 1995) . As in our work the Sertoli cell volumes were similar in all groups, we cannot suggest that those cells were strongly impacted. However, functional changes cannot be excluded and a disruption of the Sertoli cells could well impact on germ cell maturation; this event would help to explain the reduced sperm production noted in the MIX and EE2 groups. Regardless of the mechanism(s) involved, it is obvious that the MIX found in Douro River had negative effects on the testis structure of zebrafish, resulting in disturbance (decrease) of spermatogenesis.
When compared to EE2 the MIX had similar consequences on the testis, but to a lower extent, indicating that the MIX effects may have occurred via estrogenic signaling. The estrogenic effects of the MIX on zebrafish males were also demonstrated in a parallel study conducted by our group, which showed that the exposure to EE2 and MIX was physiologically active and induced vitellogenin mRNA in both treatment groups and in a similar range despite of the lower estrogenic potency of the MIX (Urbatzka et al., 2012) . Actually, zebrafish is highly responsive to vitellogenin mRNA induction and this effect was observed in males exposed to 9.5 ng/L of EE2, a much lower concentration than the one used in our study (Lange et al., 2012) . Some scientists pointed out, however, that biomarkers of estrogen exposure could be evoked by some "environmental estrogens" with antiandrogenic activity (Sohoni and Sumpter, 1998) . Such activity was reported for two compounds of the MIX used herein, namely bisphenol A (BPA) (Paris et al., 2002; Sohoni and Sumpter, 1998; Sun et al., 2006 ) and 4-ter-octylphenol (Paris et al., 2002) . Such actions, however, were obtained with in vitro and gene expression assays and the antiandrogenic activity was observed only at concentrations much higher than the ones used in our MIX. Moreover, links between altered gene expression patterns and physiological implications were not established, since no phenotype effect was recorded in those studies. However, some degree of an antiandrogenic effect of the MIX cannot be discarded, and more studies are needed to discover the physiological effects of the EDCs with antiandrogenic activity.
Effects on oogenesis
In females, no differences in either the relative or the absolute volumes of the ovary and of each different oocyte stage were found between the MIX and the control group. As hypothesized, and in line with what have been published for zebrafish (Lin and Janz, 2006; Van Den Belt et al., 2002; Weber et al., 2003) , the ovary of the females exposed to EE2 had a higher relative volume of primary growth stage oocytes and a lower relative volume of vitellogenic and mature oocytes than the control group, thus showing that ovaries responded sensitively to exposure to xenoestrogens. As the ovary of the fish exposed to EE2 was the smallest, the absolute volume of the primary growth stage oocytes was similar in the various groups. This is of fundamental importance, meaning that the baseline pool of primary growth oocytes did not actually increase under EE2 exposure, but rather it stayed stable -estrogenic impacts were thus targeting the more mature stages. Again, these results highlight the need to look both for absolute and for relative volumes of the germ cells to really understand the morphofunctional changes occurring in the gonads -partial approaches can indeed promote misinterpretations.
One possible explanation for the different results obtained in males and females is that the estrogenic threshold for suppressing male gametogenesis is lower than that for females. Therefore, the xenoestrogens in the mixture (20.73 ng/L EE2-equivalents, Urbatzka et al., 2012) allowed for oogenesis to occur but suppressed spermatogenesis. At the higher estrogenic exposure (100 ng/L EE2) there was gametogenesis disruption in both males and females. In line with our conclusions, Hill and Janz (2003) conducted a partial life-cycle (2-60 dph) study with zebrafish concluding that low estrogen concentrations (1 ng/L nominal) affect only male gametogenesis, whereas disruption of female maturation require higher estrogen levels (100 ng/L nominal). This difference between the sexes could be linked to the distinctive nature of the hormonal regulation in male vs. female gametogenesis. Further studies are needed to confirm this hypothesis.
Effects on biometric parameters
Similar body weight, gonad weight and GSI were found in males of the MIX and the control group. These biometric parameters were lower for males exposed to EE2, in agreement with other studies where a GSI decrease was found in various adult male fish species experimentally exposed to chemicals with estrogenic activity (Gimeno et al., 1998; Jobling et al., 1996; Komen et al., 1989) , including zebrafish (Van Den Belt et al., 2002) . The absence of differences in GSI between males of the MIX and control groups, revealed that the use of the index alone was not, by itself, an appropriate proxy for evaluating the subtle spermatogenesis disturbances and highlighted the importance of using stereological microscopic techniques to study the EDC effects on gonads. Also in a recent study with zebrafish aimed at disclosing the qualitative and quantitative effects of sub-acute exposures to five distinct pharmaceuticals (also found in the Douro River) in the fish gonadal maturation dynamics, Madureira et al. (2011) found that the sensitivity of GSI to those substances did not correspond to gonad volume partitioning, which reinforces the idea that GSI does not always show the real toxicant effects of compounds on the fish gonads. The biometric parameters were lower for the EE2 female group when compared to the MIX and control groups. The lower GSI for EE2 is, probably, a result of a reduction in the ovary size due to the loss of mature germ cells. No effect of the xenoestrogens mixture was observed on females regarding body and gonad weights. The GSI value, however, was higher in the MIX group when compared to the other groups. As a result, similar to males, the female GSI after the exposure to the xenoestrogens mixture did not reflect the stereological results. In short, the GSI should not be a single endpoint to study xenoestrogens effects on fish gametogenesis.
About the effects of single chemicals vs. mixtures
Over the last decades, field and laboratory studies have shown induction of adverse effects in fish gonads under exposure to single xenoestrogens. Exposure of zebrafish to EE2 (≥1 ng/L nominal) has been reported to inhibit gametogenesis both in the early (Lin and Janz, 2006; Weber et al., 2003) and late life stages (Van Den Belt et al., 2002) . Repression of gametogenesis was also observed in zebrafish exposed to nonylphenol (≥100 g/L nominal) (Lin and Janz, 2006; Weber et al., 2003) . A somewhat similar result was obtained in rainbow trout (Oncorhynchus mykiss) males in a study including EE2 (≈1.8 ng/L), nonylphenol and other alkylphenols, such as: 4-tert-octylphenol (4-t-OP, ≈38.5 g/L), nonylphenoxycarboxylic acid (NP1EC, ≈31.8 g/L) and nonylphenoldiethoxylate (NP2EO, ≈38.3 g/L) (Jobling et al., 1996) . Gonadal disruption was also seen under estrone (E1, ≈31.8 ng/L) and 17␤-estradiol (E2, >100 ng/L) exposures in an experiment with fathead minnows (Pimephales promelas) (Panter et al., 1998) . Lin and Janz (2006) determined the effects of exposure to binary mixtures of both EE2 and nonylphenol on gametogenesis of zebrafish, and they found that such exposure supressed the oogenesis in an additive way in females at 60 dph. Based on our results it is not possible to predict the way these chemicals interact with each other and this was beyond our scope. The noted disruption of spermatogenesis in our study could thus have been caused by additive and/or non-additive effects.
Exposure to MIX caused changes in zebrafish gametogenesis, especially in males. Local effects of reproduction toxicity attributed to xenoestrogens found in the Douro River were demonstrated before, such as the consistent presence of abnormal testis-ova in grey mullet (Mugil cephalus) males (Carrola et al., 2009; Ferreira et al., 2004) . The effects of the xenoestrogens on the germ cell maturation as seen in our study were obtained with realistic environmental concentrations , and it must be emphasized that these were even lower than the ones very recently reported also for the Douro estuary by Rocha et al. (2012) . The authors concluded that anthropogenic pollution in the Douro estuary is a continuous process and that the EDCs were present in quantities that should be able to produce endocrine disruption under diverse conditions and in different species. The present study supports this idea and agrees with others that have found fish reproduction impairment at low xenoestrogen concentrations. The lowest observable effect concentration (LOEC) for effects on fecundity and fertility was found in zebrafish, where a lifelong exposure to 5 ng/L EE2 caused 56% reduction in fecundity and complete population failure with no fertilization (Nash et al., 2004) . The effects of EE2 at small concentrations in fish reproduction were also reported in other studies: (i) 0.1-15 ng/L can affect the normal sexual development and differentiation (Andersen et al., 2003; Metcalfe et al., 2001; Weber et al., 2003) ; (ii) 2-10 ng/L can affect fecundity (Länge et al., 2001; Scholz and Gutzeit, 2000; Van Den Belt et al., 2002) ; and (iii) 1-10 ng/L can reduce the fertilization success or the viability of embryos from exposed adults Länge et al., 2001; Segner et al., 2003) . Summarizing, the data support the notion that the concentrations of the chemicals with estrogenic activity found in the Douro River estuary are sufficient to impair fish gametogenesis, with yet not clear consequences to the fertility of fish inhabiting those waters. This is one of the first studies on sub-acute effects of an environmentally relevant mixture of xenoestrogens in the gametogenesis kinetics of zebrafish using stereological tools, directed at relative and absolute volumes. Previous studies on estrogen exposure have used various techniques, such as vitellogenin detection and common histology. The latter mainly involved qualitative tissue analyses, resulting in descriptions of structural alterations (as detailed, e.g., by Segner et al., 2003) . The application of stereology in this study allowed us to quantify, in an unbiased way, some of those gonad alterations, namely the relative volume occupied by the different germ cell types present in the gonads, leading to sound conclusions about estrogenic effects on gametogenesis. This stereological approach is also a very useful tool to study the impact of non-estrogenic compounds in zebrafish gonads (Madureira et al., 2011) . As a result, it is our opinion that histologic effects on fish gonads as evaluated by stereology may be one of the most sensitive and relevant endpoints to look at in reproductive toxicology.
Histopathological findings
Pathological changes in testis exposed to EE2 and to the Douro River mixture were seen in our study. The alterations included presence of interstitial fibrosis and proteinaceous fluid. Increased interstitial fibrosis was earlier found after estrogenic exposure of adult male fish (Gray et al., 1999; Karels et al., 2003; Rasmussen et al., 2005) . Rasmussen et al. (2005) demonstrated that an antiestrogen can abolish effects on the histology of the testis, proving that some effects are mediated by the estrogen receptor. Half of the males possessed proteinaceous fluid in both assay groups (EE2 and MIX); this kind of fluid is presumably a derivate from vitellogenin, the presence of which in the testis is usually linked to exposure to estrogenic substances (OECD, 2009 ). The proteinaceous fluid in the testis of fish exposed to the mixture relates well with the above proposal -i.e., that the xenoestrogen mixture effects were via estrogenic signaling.
Pathological changes of the ovaries were also present, appearing as follicular atresia, fibrosis, proteinaceous fluid presence and infiltration with macrophages. Ovarian follicle atresia was lower in fish exposed to EE2 than in fish exposed to the xenoestrogens mixture or in fish of the control group. This could be explained by the fact that ovaries of females of both control and MIX groups had more vitellogenic and mature follicles than the ones exposed to EE2. Follicles in an advanced maturity stage had a higher probability of becoming atretic therefore occupying higher volume in the ovary. Despite not having been unbiasedly quantified, increased ovarian follicle atresia was reported in studies where fish have been exposed to estrogens (Gray et al., 1999; Länge et al., 2001; Papoulias et al., 1999; Zillioux et al., 2001) . All females exposed to the higher estrogenic stimulus (EE2) possessed granulomatous inflammation and proteinaceous fluid in the ovary and half of them had also mineralized structures. From all pathological alterations mentioned before only the presence of the proteinaceous fluid was found in fish exposed to the mixture (3 out of 6). Similarly, Schäfers et al. (2007) in a full life-cycle zebrafish exposure to EE2 saw fibrosis and infiltration with macrophages and other inflammatory cells in the ovary. Although the exact cause of the pathological changes observed in fish exposed to the MIX remains unknown, it could be logically argued that they are linked to the estrogen exposure and can adversely affect breeding.
Conclusions
Exposure of adult zebrafish to EE2 for 21 days caused disruption of gametogenesis in both sexes, with a decrease of the volumes of the more advanced maturation cell stages. We demonstrated that gametogenesis responded sensitively to exposure to xenoestrogens and therefore unbiased stereological parameters are valuable additional endpoints in experimental and ecotoxicological studies. One major outcome of this study was that the exposure to the MIX found in the Douro River estuary (a proxy for other similarly polluted ecosystems) disrupted gametogenesis only in males, by decreasing the volume of spermatozoa. How the mixture prompted these changes in males is not yet known, but the data from EE2 exposure essentially point to estrogenicity as the culprit, with increasing effects observed with icreasing estrogen level. However, other underlying mechanisms, such as anti-androgen activity, may also play a role. It should be emphasized that prior to this investigation very few studies have unbiasedly evaluated quantitative effects of mixtures of toxicants on the histology of gonads. The presence of estrogenic chemicals, their persistence and accumulation in the Douro River and other aquatic systems, together with the herein reported effects on fish gametogenesis, indicate that such local "estrogenic mixtures" can have severe consequences.
